Bone formation occurs by two distinct mechanisms, namely, periosteal ossification and endochondral ossification. In both mechanisms, osteoblasts play an important role in the secretion and mineralization of bone-specific extracellular matrix. Differentiation and maturation of osteoblasts is a prerequisite to bone formation and is regulated by many factors. Recent experiments have shown that transcription factors play an important role in regulating osteoblast differentiation, proliferation, and function. Osteogenesis related transcription factors are the central targets and key mediators of the function of growth factors, such as cytokines. Transcription factors play a key role in the transformation of mesenchymal progenitor cells into functional osteoblasts. These transcription factors are closely linked with each other and in conjunction with bone-related signaling pathways form a complex network that regulates osteoblast differentiation and bone formation. In this paper, we discuss the structure of T-cell factor/lymphoid enhancer factor (TCF/LEF) and its role in embryonic skeletal development and the crosstalk with related signaling pathways and factors.
Introduction
Bone tissue represents a complex ecosystem comprising of multiple cell types and extracellular matrix which interact with each other at certain points in time and space. The physiology and metabolism of the various elements is modulated by a variety of hormones, nerve cells, and cytokines. Physiological processes such as cell proliferation, growth, development, differentiation, senescence, apoptosis, and metabolism are regulated by a complex cell signal transduction system. The signaling systems related to bone growth and metabolism include Wnt signal transduction pathway [1, 2] , osteoprotegerin (OPG)/receptor activator of nuclear factor kappaB (RANK)/RANK ligand (RANKL) signal transduction pathway [3] , Transforming growth factor beta (TGF-β) signal transduction pathway [4] , Mitogen-activated protein kinases (MAPK) signal transduction pathway [5] , Notch signal transduction pathway [6] , and Hedgehog signal transduction pathway [7] . Transcription factors are important players in these signaling pathways and play an important role in the regulation of proliferation and differentiation of osteoblasts. The transcription factors involved in bone tissue include Runx-2 (transcription factor 2) [8] , Osterix (Osx) [9] , Msx1/2 [10] , and T-cell factor/lymphoid enhancer factor (TCF/LEF) [2] . These transcription factors are interdependent and closely linked with each other to form a network in the above signaling pathways, which regulates the entire process of osteoblast proliferation and differentiation.
TCF/LEF transcription factor family is the intrinsic target of the canonical Wnt signaling pathway and is a typical transcription factor for Ivyspring International Publisher β-catenin expressed in the nucleus. It functions by binding to specific DNA sequence that yields tractable developmental and pattern abnormalities during embryogenesis, such as aberrant bone mass homeostasis. Development of novel therapies to normalize bone mass and correct developmental defects requires a good understanding of the specific mechanism of TCF/LEFs. The TCF/LEF family, which was first discovered during a study of T lymphocytes, has been shown to regulate the expression of specific genes, such as c-myc, cylinD1, runt-related transcriptional factor 2 (Runx2), and Osx. Four isoforms of TCF/LEF have been identified in humans, namely, TCF1 (TCF7), LEF1, TCF3 (TCF7L1), and TCF4 (TCF7L2) [11] [12] [13] .
Structural Domains of TCF/LEF
β-catenin domain TCF/LEF contains four binding functional domains ( Figure 1 ). These include the N-terminal β-catenin domain, a highly conserved sequence, which can combine with β-catenin. The binding process involves conformational changes in the first 50 aa via formation of an alpha helix and salt bridges with charged residues in the superhelically formed interaction groove of the central Armadillo repeat domain [14, 15] . Deletion of this domain abrogates TCF-mediated transcriptional activation, which acts as a dominant negative regulator of Wnt signaling, and was shown to result in developmental defects in Drosophila and Xenopus embryos [16] [17] [18] . TCF/LEF are largely unfolded proteins in solution and only adopt folded structures when engaged in authentic interactions [19] . This indicates that the unfolded TCF/LEF might be particularly prone to weak, biologically irrelevant interactions and underscores the importance of rigorous controls for in vitro and in vivo binding assays.
HMG DNA binding domain
Another binding functional domain of TCF/LEF is the high-mobility group (HMG) domain at the carboxy end that can bind to the promoters of target genes of the 5'-ACATCAAAG-3 'sequence (Wnt response element) in the minor groove of the DNA double helix through intermolecular affinity [18, 20, 21] . This results in a 90°-130° bending of the double-helix structure, which alters the combination of DNA and other factors to regulate gene transcription [22, 23] . The nuclear localization signal of the domain can be directly recognized by importin alpha subunits for nuclear import [24] . Moreover, the HMG domain stabilizes the interaction with DNA. The nuclear localization signal can interact with phosphate backbone motif to increase its binding capacity by a hundred-fold [22, 25] .
Context-dependent regulatory domain
The context-dependent regulatory domain in TCF/LEF varies widely, with only 15%-20% identity between them. These comprise of diverse sequences and play variable roles despite having only one exon in vertebrates. This exon can be recognized by an antagonist protein [26] . Additionally, alternative splice donor and acceptor sites exist upstream and downstream, and they can interact with amino acid motifs. The functional significance of this structure is its ability to repress transcriptional activity, and this may be accomplished via recruitment of the pleiotropic repressor Groucho [27, 28] . 
Alternatively spliced C-terminal tails
Another feature of the TCF/LEF family is that all family members have multiple C-terminuses, which are alternatively referred to as spliced C-terminal tails. Recently, the region of the TCFs C-terminal E tail near the HMG DNA binding domain was shown to contain the transcriptional activation domain (CR motif) of β-catenin. However, the LEF-1 does not have the alternative exons required for the alternative splice pattern; therefore, only the B-isomer was formed and not the E-isomer [29] .
Role of TCF/LEF in embryo and skeleton development TCF/LEF can activate transcription of downstream target genes upon activation by a variety of upstream signals and regulate biological activities, such as differentiation, proliferation, and apoptosis of osteoblasts. These play an important role in bone development, growth, and remodeling.
In the mouse embryo at 14.5 days, LEF1 was detected in the caudal, hip osteoprogenitor, and the surrounding cochlear mesenchymal cells in the bone structure [30] , whereas TCF1 was detected in prechondrocytes in the mandible, palate, nasal bone, occipital bone, vertebrae, and ribs [31] . TCF4 was shown to be expressed in the mesenchymal cell region around the embryonal cartilage at 10.5 days [32] , whereas TCF4 was detected in embryonal osteoblasts at 16.5 days [33] .
In rats, LEF1 and TCF1 mutations result in loss of function that can lead to many malformations; the most common of these are skeletal malformations or the lack of bone elements.
TCF1 knockout mice showed a slight decrease in bone mineral density at one month after birth [33] , however, this decrease was not as severe as that observed after osteoblast-specific gene β-catenin deletion, presumably, because of the role of TCF4 in osteoblasts. Moreover, the number and function of osteoclasts were increased, while the number and function of osteoblasts remained unchanged [34] . However, the bone resorption was accelerated because of the reduced amount of osteoprotegerin [35] .
LEF-1 knockout mice are smaller than normal littermates, display numerous defects, (such as the lack of teeth, body hair, and beard) in tissues formed by epithelial and mesenchymal interactions, and die within two weeks after birth [36] . LEF1-/-female mice showed reduced number of osteoblasts and decreased trabecular bone mass [37] , whereas the male mice did not exhibit any of these defects. LEF-1 was expressed in the primary cranial osteoblasts and MC3T3 precursor cell lines; however, its expression was lower than that of other TCFs. The expression of LEF-1 showed a gradual decrease until it was undetectable on the ninth day of MC3T3 cells culture in osteoblast culture medium. This indicated that LEF-1 was in a downregulated state during the phase of osteoblast terminal differentiation [15] . Inhibition of LEF-1 in MC3T3-E1 was shown to render the LEF-1 short hairpin RNA differentiation rate faster than that in the control group. Therefore, matrix mineralization and the expression of cell marker genes [alkaline phosphatase (ALP), OC, and sialoprotein] occur three to four days in advance [15] . LEF-1 overexpression was shown to inhibit the expression and differentiation of osteoblast markers, which suggests that LEF-1 inhibits the terminal osteogenesis of osteoblasts [38] .
Animals that lack both LEF1 and TCF7, similar to wnt3a-/-, did not develop limbs and died at the embryonal age of approximately 10.5 days [39] .
Given that TCF-3 is required for early anteroposterior patterning, TCF3-depletion results in embryonic death [40] .
As compared to their normal siblings, TCF4-deficient mice were normal in size and appearance; however, the developmental defects of intestinal epithelial cells and crypt cells led to their death shortly after birth [32] . Primary osteoblasts from Lrp5-/-mice lose LEF1, but not TCF4 expression, after 10 days of in vitro culture, which indicates that LEF1 and TCF4 may have distinct functions in osteoblasts [41] .
In adults, expression of TCF/LEF transcription factors is generally limited to the mitotically active cells in renewable tissues such as the lymphoid follicles, skin, hair follicles, colon, intestines, testes, and tumors [42] [43] [44] , as well as bone tissue. TCF/LEF activity is increased in the bone tissues undergoing remodeling and in areas showing osteoblastic proliferation [45] . The expression level of TCF/LEF was shown to be downregulated in the differentiated cells and absent at the end of proliferation [46] . TCF1 and TCF4 can be detected in adult primary osteoblasts.
TCF/LEF crosstalk in signaling pathways in osteogenesis
Recent studies have shown that multiple factors involved in the Wnt signaling pathway play important roles in the regulation of osteoblast proliferation, differentiation, and apoptosis in bone. Gene mutation of some factors in this pathway may lead to abnormal bone formation. For example, β-catenin inactivation in mesenchymal stem cells can inhibit osteogenic differentiation. sFRP-deficient mice exhibited increased Wnt activation and bone mass, along with significant increase in the expression of Runx2 and its target genes (e.g., OCN). TCF/LEF, as an intracellular transcription factor in the canonical Wnt signaling pathway, initiates the transcription of downstream target genes by recruiting β-catenin into the nucleus and binding with DNA and β-catenin. As an intermediate factor, TCF/LEF is also involved in the crosstalk between the Wnt/β-catenin pathway and other signaling pathways (such as the β-TGF/BMP and FGF signal pathways) to regulate the transcription of related signaling proteins (Runx2, Smad, OPG, and estrogen); thus it plays an important role in bone tissue development and remodeling (Figure 2 ).
Runx2
Runx2, an osteoblast-specific transcription factor, can combine with core-binding factor β, which can promote the expression of osteoblast-specific genes, such as ALP, OCN, and Col I. Cbfα1/Runx2 plays an important role in the process of mesenchymal stem cell differentiation into osteoblast, which can inhibit their differentiation into adipocytes and chondrocytes [47, 48] . Furthermore, in vitro experiments have shown that Runx2 promotes the activity of ALP and the expression of bone matrix protein gene in immature mesenchymal stem cells and osteoblasts [49, 50] . Cbfα1/Runx2-deficient mice do not manifest intramembranous and endochondral ossification. Osteoblasts can express the two proteins, Cbfα1 and Runx-2 [51] ; however, the expression levels of these genes vary at different times during differentiation. The promoter of Runx2 contains the consensus sequence of TCF close to the regulatory site of Runx2, and the β-catenin-TCF/LEF dimer can bind to the Runx2 promoter and promote its transcriptional activity.
LEF1 is a known inhibitor of Cbfα1. The DNA binding sites for LEF1 and Runx2 in osteocalcin are adjacent to each other. Mutation of the DNA binding site in LEF1 was shown to increase the osteocalcin promoter activity, and LEF1 was shown to inhibit the regulation of osteocalcin by Runx2 in osteoblast lineages [52, 53] .
Runx2 has been shown to regulate the expression of TCF/LEF family genes [54] . In osteoblasts and chondrocytes, Runx2 can strongly promote the expression of TCF1 and LEF1, whereas the expressions of TCF1 and TCF4 were found to be decreased in Runx2-/-endochondral skeletons. The expressions of TCF1, LEF1, TCF4, and Runx2/ were reduced in Runx2-/-calvaria. Runx2 can enhance reporter activity of TCF1 promoter [55] . In addition to the expression patterns of TCF/LEF family genes and Runx2, researchers found that RUNX2 regulates TCF1 expression at least among the TCF/LEF family genes. RUNX2 can regulate LEF1△N p2 promoter, which is located in the intron between exons 3 and 4 of LEF1. Also, the overexpression of LEF1△N induces the expression of osteoblast differentiation genes (osteocalcin and Col1a1) in differentiating osteoblasts [56] . 
BMP-2/TGFβ/Smad signaling pathway
The BMP/TGFβ/Smad signaling pathway plays an important role in bone development. BMP-2 is an acidic glycoprotein that is widely expressed in the bone matrix. It is a member of the TGF-β superfamily and can induce osteoblast differentiation and promote bone formation as one of the important extracellular signal molecules in bone tissue. BMP-2 can transduce and regulate the transcription of osteogenic gene by activating Smad signals and, thereby, plays a role in osteogenesis. BMP-2 was found to upregulate the expression of 66 genes, including Smad6, Smad7, Msx2, and 13 other related transcription factors.
BMP can activate its downstream signal transduction upon binding to its receptor. Subsequently, the Smad-specific transcription factor complex assembles and translocates to the nucleus. The Smad complex interacts with other DNA components and other transcription factors, such as Runx2 and LEF1, to regulate gene expression. Smad4 or TGFβ-specific Smad3 interacts with LEF1 and activates gene expression upon stimulation by BMP2 and TGFβ signaling [57] . Through this process, the BMP/TGFβ and Wnt signaling pathways are interlaced with each other, and Smad and TCF/LEF proteins interact to regulate the expression of target genes. Some experiments have shown that BMPs act upstream of Wnts, while others have shown that BMPs action is downstream or parallel to Wnts. A study of osteocytes showed that BMP2 was located in the upstream of the Wnt signal. We found that β-catenin and BMP-2 promote the differentiation of mesenchymal stem cells into osteoblasts and inhibit their differentiation into adipocytes, and that they also can promote bone formation in vivo. The osteoinductivity of β-catenin requires interaction between osteoblasts and other specific factors, such as BMP-2, and the process partly depends on the TCF/LEF activity [58] . ΔN-LEF1 variants are upregulated in response to BMP2 signals through RUNX2-dependent, but SMAD4-independent activation of the P2 alternative promoter [56] .
Smad proteins, such as Smad1, 5, and 8, specifically bind to BMPs and undergo phosphorylation. Subsequently, these translocate to the nucleus and activate osteoblast-specific transcription factors, such as Cbfα1/Runx2 and Osx/Sp7, which induces differentiation of MSCs into osteoblasts. A study also found that both smad4 and LEF1 are involved in the activation of β-catenin transcriptional complexes. β-catenin and LEF/TCF form complexes with Smad4, which promotes the entry of Smad4 into the nucleus, while the active translocation of Smad into the nucleus is accelerated by BMPs and TGFβ. The osteocalcin gene promoter contains the smad binding site, which regulates the expression of the genes together with TCF/LEF. The Smad DNA homologous sequence can also bind to TCF4/β-catenin.
Wnt/β-catenin signal pathway
In the absence of Wnt signaling, the β-catenin in the cytoplasm that has not been phosphorylated and accumulated to a certain extent enters the nucleus and interacts with TCF/LEF to activate the transcription of target genes, causing osteoblast differentiation and proliferation.
The Wnt/β-catenin signal pathway may activate the expression of Runx2 gene through TCF1 in the same way as that in the BMP/TGF-β signaling pathway [59] . β-catenin mutation enhances the LEF1-mediated inhibition of Runx2. In turn, Runx2 can induce the expression of TCF1, which upregulates the expression of osteoblast-associated genes, such as Col-1, ALP, and OCN, thereby controlling osteoblast differentiation and bone development [60] . The Wnt/β-catenin/TCF1/Runx2 signaling pathway was shown to enhance the activity of ALP in undifferentiated BMSCs and to promote osteogenic differentiation and proliferation of BMSCs. The Wnt/β-catenin signaling pathway can inhibit terminal differentiation of the osteoblast cell line.
The SFRP1 knockout mice exhibited high bone mass and significantly increased expression of TCF1, Runx2, and OC. TCF1 overexpression increased Runx2 activity by two to five times and increased osteoblast mRNA expression by seven to eight times. When SFRP1 inhibits the Wnt canonical signal pathway, the above expression disappears. This finding suggests that the mechanism of Wnt/β-catenin signaling pathway may be the same as that of the BMP signaling pathway, that is, via activation of TCF-Runx2-mediated regulation of osteoblast differentiation and bone development. LEF1 was found to have an activation site of Runx2, and it requires the key transcription factors, such as Runx2, Osx, and Dbc5, of osteogenic differentiation for β-catenin to promote osteogenesis. The complex interaction between Runx2 and TCF/LEF regulates the downstream target genes. β-catenin signal was also found to upregulate the Runx2 level in mesenchymal stem cells [59] , whereas silencing of β-catenin gene was found to downregulate Runx2 expression and inhibit osteogenic differentiation [61, 62] . However, β-catenin and TCF/LEF factors in Wnt have been reported to have a complex association with Smad4 or Smad1 in BMP9 [63, 64] . Yet, crosstalk between signals may be more complex than expected, and LEF-1 has been reported to inhibit the osteocalcin promoter by interacting with Runx2. Another study reported that canonical Wnt signaling can directly stimulate Runx2 expression.
OPG
A cellular and molecular level study found that β-catenin combined with TCF can promote OPG expression in osteoblasts and inhibit osteoclast differentiation; this suggests that β-catenin and TCF in the canonical Wnt signaling pathway is involved in the regulation of bone formation and inhibition of bone resorption. The overexpression of β-catenin can indirectly affect the osteoclasts and decrease the OPG. Inhibition of LEF-1 expression in MC3T3 cells resulted in 80% less expression of OPG as compared to that in the control group [65] . LEF1 and ETs family members work together in the promotion of osteopontin in the Wnt pathway [29] .
Msx-2
A study revealed that β-catenin and BMP2 can synergistically upregulate the transcription of Msx-2 gene. TCF/LEF can transactivate the Msx-2 promoter, and Msx-2 may be the upstream regulator of Runx2, which plays an important role in bone formation [54] .
FGF 18
Recent evidence suggests that Runx2 and TCF/LEF complex can regulate the expression of FGF18, a direct target gene for the Wnt/β-catenin signaling pathway, by binding to a specific site on the FGF18 promoter. In turn, FGF can induce Runx2 expression and activate Runx2 in the osteoblast lineage; which is a regulatory process for osteogenesis [50] .
Notch signal pathway
Notch receptors are transmembrane proteins that promote epithelial-mesenchymal transition and regulate cell proliferation and differentiation. By binding to the ligand, notch undergoes protein cleavage to produce a notch intracellular domain (NICD), which translocates to the nucleus and regulates gene expression by interacting with specific transcription factors. In the osteoblast gene expression, NICD damages cell differentiation and blocks the expression of TCF/LEF target promoter. NICD interacts with the highly conserved HMG region of LEF1 and therefore has a direct effect on Wnt-induced gene expression [66] .
Estrogen
Estrogen deficiency disrupts the balance of osteoblastic and osteoclastic activity, reduces bone mineral density, and induces osteoporosis [67] . One of the effects of estrogen on osteoblasts and osteoclasts is the inhibition of apoptosis. TCF1 and TCF4 can bind to estrogen receptor (ER) and regulate their transcriptional activity. Thus, TCF1 stimulates ligand-dependent ER activity, whereas TCF4 antagonizes ER/E2 function.
Mechanical stimulation
Mechanical stimulation can cause rapid accumulation of β-catenin in the cytoplasm that moves to the nucleus and regulates the expression of target gene in consort with TCF/LEF [68] . Experimental results show that TCF1 mRNA and LEF1 mRNA expressions in the exercise group were significantly higher than those in the quiet group. Exercise is believed to increase the probability of complex formation between β-catenin and TCF/LEF and increase the expression of downstream target genes. Authors also found that LEF1 may be more sensitive to exercise stimulation than TCF1.
Conclusion
Based on various experimental data, it is evident that the roles of TCF/LEF transcription factors in embryonic development are timeand position-specific, which indicates that they have different functions in embryonic development. An abnormality in one of the transcription factors may lead to embryonal malformations or abnormalities, especially of the bone tissues, and may even be fatal. Osteogenesis and differentiation of osteoblasts is regulated synergistically by a complex regulatory network consisting of several key signaling pathways (such as BMP, Wnt, Notch, and FGF), which interact with each other and with TCF/LEF by interacting directly or indirectly with key transcription factors, such as Runx2 or Osx. Additionally, abnormal expression of one of the TCF/LEF transcription factors may be partially compensated by other factors. TCF/LEF transcription factors not only receive β-catenin signal and then start the downstream target gene transcription to participate in the classic Wnt signal pathway, but are also involved in crosstalk with other signal pathways; these signals can influence and control each other directly or indirectly. Thereby, TCF/LEF transcription factors play a key role in osteogenesis and bone growth and transformation. However, the specific functional mechanisms and interactions of the transcription factors are still unclear. These questions are subjects of investigations that are being actively pursued to better understand bone physiology and pathology.
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